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ABSTRACT 

A Framework for BIM Model-Based Construction Cost Estimation 

Michael Thomas Clark 

This thesis presents a framework to conduct a quantity take-off (QTO) and cost 

estimate within the Building Information Modeling (BIM) Environment. The product of 

this framework is a model-based cost estimating tool. The framework addresses the cost 

uncertainty associated with the detailed information defining BIM model element 

properties. This cost uncertainty is due to the lack of available tools that address detailed 

QTO and cost estimation using solely a BIM platform. In addition, cost estimators have 

little experience in leveraging and managing information within semantic-rich BIM 

models. Unmanaged BIM element parameters are considered a source of uncertainty in a 

model-based cost estimate, therefore they should be managed and quantified as work 

items.  

A model-based system, which assists the estimators to conduct a QTO and cost 

estimate within the BIM environment, is developed. This system harnesses BIM element 

parameters to drive work items associated with the parameterôs host element. The system 

also captures the cost of scope not modeled in the design teamôs BIM models. The system 

consists of four modules 1) establishing estimate requirements, 2) planning and 

structuring the estimate, 3) quantification and costing, and 4) model-based historical cost 

data collection. The complete system can produce a project cost estimate based on the 3D 

BIM Model.  

This framework is supported by a computation engine built within an existing 

virtual design and construction (VDC) model review software. The computation engine 

supports BIM authoring and reviewing BIM data. The Frameworkôs quantification and 

costing module was compared to existing methods in a case study. The outcomes of the 

model-based system demonstrated improved cost estimate accuracy in comparison to the 

BIM QTO method and improved speed compared to the traditional methods. The 

framework provides a systematic workflow for conducting a detailed cost estimate 

leveraging the parameters stored in the BIM models.  

 

 

Keywords: BIM, VDC, QTO, Construction Cost Estimation, Automation in Construction, 

Model-Based Construction Cost Estimation 
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1. INTRODUCTION  

1.1 Background 

 BIM is a computer-based process of communicating design intent. BIM is 

becoming the platform for the management of the entire construction project lifecycle. 

VDC is the use of models provided by different project stakeholders to pursue 

construction objectives. Itôs important to note that VDC is a verb, meaning it is the act of 

employing information in project-related decision making. Successful VDC involves 

visualization and analysis of the model to produce decisions. The zenith of BIM and 

VDC is the return of the master builder concept. Not to an individual, but to one locus of 

control for the entire project. The BIM model presents elements that spatially organize 

the projectôs information. This information is used to plan and execute construction 

operations using VDC. Proper implementation of BIM and VDC entails that the projectôs 

suite of information is wholly accessible within the BIM model. The BIM model then 

becomes the singular locus of control for the entire construction project.  

Many project variables, including the projectôs estimated cost, are dependent on 

the parameters stored in BIM elements. The core principle guiding the proposed model-

based cost estimating framework is ñno cost estimate information should exist that is 

inaccessible from, or blind to, the projectôs BIM models.ò When this principle is 

followed, all the cost estimate work items should be driven by the parameters of the BIM 

model elements. Any design changes to the model elementôs parameters should 

automatically be available to the cost estimate work items. Thereby the BIM model 

environment becomes the locus of control for a projectôs cost information. Then through 

VDC, construction cost data is collected in the context of the BIM environment. 
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1.2 Problem Statement 

The existing body of knowledge lacks a concise framework for construction cost 

estimation using BIM. Current popular BIM cost estimating computation platforms lack a 

pure BIM model-based method and instead rely on quantity extraction. While these 

platforms increase speed and efficiency in the quantification process, this is achieved 

with a loss of accuracy. The current computation platforms extract parameters from BIM 

elements instead of completing the cost estimate within the spatial context of BIM. This 

extraction leads to a partial loss of the estimatorôs ability to conceptualize the impact of 

the arrangement of the 3D model elements on the projectôs cost. This loss is detrimental 

to the spatial context BIM provides, and consequently the accuracy of the cost estimate.  

Aside from a loss of accuracy, this data extraction also reduces the efficiency of 

the cost estimating process. Since the existing tools rely on more than BIM elements, 

estimators at times manually author additional geometric shapes to host parameters that 

are not provided in the BIM model. This authoring is not parametric, it will not update 

when a design change is proposed in the designerôs BIM model. These manually defined 

QTO conditions are not BIM elements, and therefore cannot store additional information 

or be communicated to other stakeholders. This QTO authoring introduces measurement 

error and is not directly useful to other project stakeholders. The current body of 

knowledge employs computation systems that under develop the potential efficiency 

increase of using BIM elements in cost estimation.  

The main limitation within the existing body of knowledge is the absence of an 

easy to use framework for capturing all parameters that affect the projectôs cost, within 

the BIM model-based environment. In current practices, some parameters are manually 
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authored as QTO conditions, while other granular parameters are missed. This limitation 

should be addressed by improving the capabilities of cost estimation from within a BIM 

environment. Such an improvement departs from the school of thought that relies on 

quantity extraction for cost estimation. Improvements should increase both the quality 

and quantity of geometric and cost estimate information available within BIM. 

1.3 Research Objectives 

The objective of this thesis is to develop a framework to complete a construction 

cost estimate entirely within BIM. An accurate cost estimate must take into consideration 

all variables and constraints where the quantity is installed within the project. This cannot 

be accomplished with a quantity extraction, the model-based cost estimate requires the 

spatial context that is provided by BIM. The proposed framework is intended to capture 

all costs. To achieve this main objective, the following sub-objectives are carried out:  

1. Conduct interviews with cost estimating professionals. 

2. Complete a literature review that sufficiently analyzes BIM, VDC, and 

other influences on BIM model-based construction cost estimation. 

3. Prepare a succinct methodology that lays out a roadmap for the model-

based cost estimation framework.  

4. Develop a Framework for model-based cost estimation that incorporates 

these four sequential modules: 

o Module 1: Establish cost estimate requirements. 

o Module 2: Plan and structure the cost estimate. 

o Module 3: Conduct quantification and costing. 

o Module 4: Refine historical cost data from within BIM. 
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5. Complete a case study to evaluate the proposed framework against the 

existing body of knowledge.  

1.4 Thesis Organization 

This thesis begins with a literature review (Chapter 2) that develops the eight 

limitations in detail. These limitations are analyzed in the methodology (Chapter 3). The 

methodology outlines the development process of the thesis. This process is pursued to 

create a framework for model-based cost estimation (Chapter 4). This framework is 

tested against two other cost estimate methods to create a case study comparison (Chapter 

5). The conclusion examines results and identifies any prevailing limitations (Chapter 6).  



5 

 

2. LITERATURE REVIEW  

2.1 Overview 

Through a detailed literature review, this chapter builds an understanding of the 

limitations in the construction industry which hinder adoption of parametric BIM model-

based construction cost estimation. This literature review analyzes BIM and VDC, cost 

estimation, contract structures, construction phase cost control, and the industrial 

manufacturing industryôs successful adoption of parametric cost estimation.  

2.2 Introduction  to BIM  

 This section defines BIM and VDC. It explores the increasing involvement of the 

general contractor in the design process and examines how BIM and VDC have enabled 

increased participation by the construction contractor in the design process. The actual 

mechanics and functionality of BIM and VDC are further explored in Sections 2.5 

through 2.7.  

2.2.1 Definition of BIM 

 BIM is a 3D model-based process of representing design intent in building 

construction. The models contain data representing the physical and functional 

characteristics of the project. This data is associated with discrete digital elements 

contained in the model. BIM has grown in popularity as construction projects become 

increasingly complex (Autodesk, 2018). It is a system that clearly communicates the 

designerôs intent. Clear communication allows many stakeholders to coordinate and 

improve the productivity of construction. Clear communication of design intent through 

BIM promises to improve productivity in construction (Turner and Townsend, 2018).  
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 BIM tools include a litany of software platforms allowing the combination of 

different stakeholderôs data in a spatial environment. A BIM model is built of 3D 

elements. They are discrete objects, each of which has a unique identifier known as an 

object ID. Unique object IDôs allow BIM users to clearly select an element. Object IDôs 

are also a tool for referencing relationships to other objects. Parameters of model 

elements store data. These parameters allow stakeholders to communicate information. 

So, BIM is a form of spatial organization with a litany of software interpretations 

(ADEB-VBA, 2015). Since BIM can host so much data, one interest in the industry is 

building cost estimate information into the definition of BIM elements. However, BIM is 

not presently popular for use in cost estimation. In a 2010 survey, spatial design 

coordination was the most common task to leverage BIM. Spatial design coordination 

allows project teams to ñdetect clashesò or identify where multiple model elements 

occupy the same 3D space. Clash detection involves 3D data, which BIM visually 

represents. Meanwhile, the cost is an additional dimension of data. This additional 

dimension is currently not well interpreted through BIM. This is in part why cost 

estimation ranked fourteenth of twenty-five options in the survey of BIM uses (Kreider, 

Messner, & Dubler, 2010). 

2.2.2 Definition of VDC 

 VDC is the use of models provided by different project stakeholders to 

pursue objectives. Itôs important to note that VDC is a verb, meaning it is the act of 

employing information in project-related decision making. Successful VDC involves 

visualization and analysis of the combined model to produce decisions. Producing these 

visualizations requires a product-organization-process model. An organizational model 
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identifies various stakeholders in an organizational breakdown structure (OBS). This is 

effectively a list of all parties who qualify as project stakeholders. The process model is 

the work breakdown structure (WBS), or the sequential activities required to complete 

the work. Since BIM elements can hold additional parameters, they can store data 

regarding the elementôs relationship to the OBS and WBS (Stanford Engineering, 2018). 

BIM is one of the three sub-models within the product-organization-process 

model. It represents the finished product as intended by the design team. The 

organization and process models encompass the elements that construct the models. The 

construction team evaluates the design intent and applies means and methods to 

physically produce the model. VDC digitally communicates the organization and process 

components of a project. VDC synthesizes the information produced by a designerôs BIM 

with the people and processes required to complete the project (Chen, John, & Cox, 

2018). 

Employing VDC adds fluidity to the construction process since it is no longer 

completed in discrete ñdesign-bid-buildò stages. Specialty sub-contractors including 

HVAC-R and plumbing adopted VDC to increase pre-fabrication of piping and 

ventilation assemblies. Thereby, they can employ lower wage-higher productivity labor 

to produce products offsite which increase profitability. However, these sub-contractors 

experience cost overruns in the actual implementation of VDC. Specifically, when design 

changes are made, these trades must reproduce the VDC plans for their pre-fabricated 

components. The cost overrun was a product of the additional effort required to update 

the model (Said & Reginato, 2018). Model-based cost estimation could reduce the cost of 

evaluating design changes (Borhani, Dossick, Lee, & Osburn, 2017). 
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2.2.3 BIM and Construction Cost Estimating 

BIM cost estimation should require estimators to spend less time on QTO and 

data manipulation and allow more time assessing qualitative components of the cost 

estimate. Figure 1 quantitively depicts the improvement using Autodesk Revit. QTO 

consumes over half of an estimatorôs time. It is a process of measuring existing data, so 

QTO alone does not add value to a project. Model-based cost estimation affords more 

time for the estimator to add value to a project with original thought (Hall, 2018). 

 

Figure 1 QTO Time Savings with BIM (Olsen & Taylor, 2017) 

Figure 1 does not depict the categorical loss of accuracy in BIM QTO. Therefore, 

the use of BIM in cost estimation is currently limited to conceptual estimates. At early 

project stages, large contingencies account for uncertainty (AACE RP 17R-97, 2011). 

The uncertainty and accompanying contingency mitigate the effect of BIM model 

inaccuracies or omissions on the estimate. Detailed estimates are not performed using 

BIM today since no consistent framework exists because BIM is not conditioned to 

represent a cost estimate (Borhani, et al., 2017). 
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The framework does not exist partially because the existing software tools are 

insufficient. BIM-based QTO does not capture enough detail to accurately estimate a 

project. It yields a bill of materials without any context to the itemôs complexity or the 

contractorôs definition of the work. Construction estimators are interested in identifying 

the scope of work (SOW). The SOW involves quantities, as well as people and processes 

required to complete the work (Stanford Engineering, 2018). A system of model-based 

estimation must allow estimators to capture these other parameters and associate them 

with the model generated quantities. (Trimble Navigation Limited, 2014). 

BIMôs estimating allure is in its structure of storing data. It allows automation in 

the takeoff process. Specifically, the organization and unique identification of model 

elements. Model elements are categorized in a hierarchical structure by; 1) category, 2) 

family, 3) type, and 4) the element. A BIM-based QTO can select all instances in the 

model by any of these hierarchical steps. A categorical breakdown in this fashion can 

help estimators select all the elements in a model associated with a specific quantity if the 

model hierarchy matches the structure of the estimate. BIM is effectively a system for 

spatially organizing a cost estimate (Golaszewska & Salamak, 2017). 

2.2.4 VDC and the Contractorôs Participation in Design 

 In 2007, it was noted that BIM technology promises construction teams the ability 

to simulate building construction. The teams who employ VDC can gain a competitive 

advantage by simulating certain complicated activities within a project. Simulation of 

these activities reduces the risk of changes in the field. This trend is increasing 

exponentially (AGCA, 2007). 
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Since 2007, the number of activities a team can simulate has increased. This trend 

started with high-risk activities. An example is mechanical, electrical, and plumbing 

(MEP) coordination. Specifically, in renovations of existing structures. This coordination 

involves multiple systems which must occupy the same limited interstitial spaces of 

buildings. Those limited spaces are confined by the existing structure. When coordination 

is inadequate, MEP systems must be resized causing cost and schedule delays 

(Farnsworth, Beveridge, Miller, & Christofferson, 2014) VDC allows teams to avoid 

these cost and schedule delays. 

VDC is a tool for the team to control construction risks during design. MEP 

coordination is one small subset of risks endured on a project. Worker safety and even 

variations in labor productivity are risks that VDC is used today to assess. The general 

contractors ultimately decide if a project will use BIM since they are the link between 

designer and owner during design, construction, and commissioning. A design teamôs 

model is only valuable to the owner if the model was referenced and updated during 

construction. General contractors are increasingly adopting BIM, thereby influencing the 

other project stakeholders to adopt BIM as well (Ghaffarianhoseini, et al., 2017). 

VDC involves the synthesis of BIM models with external data to optimize the 

results of a project. A BIM model represents the finished product since itôs used to 

communicate design intent. This leaves the model absent of many social and technical 

methods necessary to achieve the finished product. VDC adds a broader scope to 

modeling. It incorporates the design intent but includes the means and even motivations 

for achieving that finished product. VDC is pertinent to model-based cost estimation 
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since the cost is driven by the product, organization, and process models (Kam, Song, & 

Senaratna, 2016). 

2.3 Construction Cost Estimation 

 This section reviews current methods of cost estimation in construction. A cost 

estimate is an establishment of the most probable cost for a project. The project must 

have a defined scope. In construction, this scope is typically delineated by the drawings 

and specifications (AACE RP 10S-90, 2015). It is important to note that the construction 

cost estimate is a linear representation of a dynamic system. Managing a cost estimate 

means managing the influences on the dynamic system (Alzraiee, 2013). 

2.3.1 Cost Estimate Uses 

  There are multiple stakeholders who use construction cost estimates, and each 

seeks different information from the report. The interest in information also varies with 

the stage of an estimate. The three discrete stages include; 1) cost planning, 2) estimating, 

and 3) tendering. Cost planning helps stakeholders establish a budget. Estimating informs 

the design team to make design changes to keep the project on budget. Finally, tendering 

is employed by the construction team to establish a firm price (Brook, 2017). 

2.3.2 AACE Cost Estimating Standards 

The Association for the Advancement of Cost Engineering (AACE) is an 

organization that influences standardization in cost estimation. These standards help 

increase cost estimate reliability. A selection of standards that are prevalent in the context 

of BIM model-based cost estimation is presented in this sub-section. These standards 

influence cost estimate reliability and repeatability.  
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The AACE outlines prescriptive requirements for the skills and knowledge of cost 

estimators. This comprehensive list incorporates most characteristics required to 

complete an accurate estimate. Since these characteristics produce successful estimates, 

they can guide the development of estimation software. The main skills and knowledge 

that translate to development of software that facilitates model-based cost estimation 

includes; 1) clearly identified supporting knowledge, which constitutes all the 

background data that may be incorporated in a cost estimate 2) total cost 

management(TCM), which is a structured map that explains each step in a cost estimate 

and how that estimate figures into the project life cycle. 3) estimate planning, identifies 

the goal of an estimate and devotes the appropriate resources towards achieving the goal. 

and 4) performance assessments generate supporting knowledge in the form of historical 

data. A successful assessment guides future improvement of cost estimate assumptions in 

similar construction projects (AACE RP 19R-97, 2012). 

The AACE provides a comprehensive list of terms relevant to the cost estimating 

profession. The Actual Cost of Work Performed (ACWP) is the cost an estimate is 

intended to project. It consists of all the dollars spent to complete an activity. So, in 

comparison to the cost estimate, a contractor profits when ACWP is less than or equal to 

the estimated cost for that activity. The construction cost estimators job is to project the 

ACWP. The construction cost estimate ascertains the ACWP (AACE RP 10S-90, 2015). 

The reliability of this projection depends in part upon the completeness of the drawings 

used in the cost estimate. The AACE categorizes estimates based on their class. Each 

class considers how well the plans define the SOW. It also considers the method used to 

produce the estimate. The goal of categorization is to establish an expected accuracy 
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range. Changing the method of estimation could increase the expected accuracy range 

(AACE RP 17R-97, 2011).  

 

Figure 2 AACE Cost Estimate Classification System (AACE RP 17R-97, 2011) 

The process of producing a cost estimate is outlined by the AACE. It includes 7 

steps of direct effort: 1) establishing the estimate requirements based on the end user, 2) 

planning the estimate based on the WBS and OBS, 3) establishing cost using the project 

documents and external sources, 4) assess the risk produced by uncertainty, 5) document 

the basis of estimate, 6) compare the estimate to historical data, and 7) deliver the 

estimate to enterprise decisionmakers. This process is described in Figure 3 (AACE RP 

19R-97, 2003).  
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Figure 3 AACE Cost Estimate Process Diagram (AACE RP 19R-97, 2003) 

2.3.3 Traditional QTO and Cost Estimating Method 

The traditional estimating method is defined in this thesis as the use of 2D (paper 

or PDF) drawings for QTO and Excel for producing the estimate. This is the most 

common procedure used to produce detailed cost estimates. The seven steps are described 

in detail in the following list: 

1. In the traditional method, step 1 consists of communication external to the 

estimate. Email correspondence and meetings between estimators and 

designers guide the requirements of the estimate. This information is not 

attached to the contract documents or the cost estimate. 

2. In step 2, the GC would review the plans and specifications to define the 

entire SOW. Estimators read the plans and specifications to visualize 

project requirements. Once visualized, the estimator can categorize each 

requirement by WBS. 
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3. During step 3, the estimators(s) measure quantities and categorize them by 

the WBS. Measurements are made by drawing shapes on the 2D plans to 

capture lengths, areas, and volumes of the work-in-place (AACE RP 34R-

05, 2014). The estimator manually asserted where each condition 

occurred, and there is no link between the quantity and the corresponding 

specification section (Chen, Lu, Peng, Rowlinson, & Huang, 2015). 

4. In step 4, the estimators assess the estimateôs uncertainty. The two types of 

risk are epistemic, knowledge-based, and aleatory, ñroll of the diceò (Der 

Kiureghian, 2009). An example of epistemic risk is information the 

estimator does not have time to review in the contract documents. An 

aleatory risk is an uncertainty in manually produced quantities. Historical 

average data is used to mitigate each risk (AACE RP 19R-97, 2003). 

5. In step 5, estimators prepare a basis of estimate. During steps 1-4, the 

estimator(s) take mental or physical notes of any unique conditions or 

possible external impacts on the project. They also produce a project 

narrative. This qualitative information is combined typically into a word 

document (AACE RP 10S-90, 2015).  

6. During step 6, the estimators compare benchmarks to similar projects. 

These benchmarks include price per floor area, the price per unit, or price 

per occupant. They may drill into a specific WBS section to compare 

benchmarks of that section. Examples of this include the cost of plumbing 

per occupant or the price of air conditioning per building volume. The 

purpose of this review is to identify any significant variances with 
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historical data. Then the estimators must justify the variance or correct 

major mistakes.  

7. The GC produces a cost report for other project stakeholders. This report 

must be manually produced by manipulating the individual estimate line 

items (Brook, 2017). 

Estimators who collaborate must manually coordinate scopes through 

communication methods detached from the estimate i.e. email or physical meetings. 

Upon completion, the estimators must manually review each otherôs work to confirm the 

entire SOW is captured exactly once. Work-sharing allows multiple BIM users to work 

on the same file simultaneously. It has enabled improved collaboration and quicker 

project delivery. The iterative nature of computers combined with the ability to easily 

collaborate through work-sharing has improved the design process (Autodesk, 2018). 

BIM should be leveraged to do the same for construction cost estimation.  

2.3.4 Current BIM QTO Systems  

This section examines the current body of knowledge pertaining to BIM QTO and 

its accompanying computation platforms. All existing BIM cost estimating platforms rely 

on information external to the BIM model. The models supplied by the design team lack 

ñconsistent qualityò. Up to half of the data for QTO may be absent from the BIM model 

(Olsen & Taylor, 2017). The current BIM QTO systems attempt to map designerôs 

objects straight into an estimate ledger (Lawrence, Pottinger, Staub-French, & Nepal, 

2014). This mapping process is inconsistent since ñError-free classification is beyond 

state of the artò (Wu & Zhang, 2018). In model-based cost estimation, there is a reliable 

and repeatable method for producing a cost estimate from a BIM model, the current 
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systems are not reliable or repeatable (Borhani, et al., 2017). It is worth categorizing the 

BIM QTO systems as 2D/3D or 3D only. A 3D system can only quantify what the design 

team has authored in their BIM model. A 2D/3D system allows estimators to author 

additional quantities. A 2D/3D system can achieve greater estimating accuracy by adding 

more information to the model in the form of QTO conditions (Sattineni & Bradford, 

2011).  

Figure 4 depicts the survey popularity of BIM software for all uses in industry. 

This is the justification for the literature reviewôs focus on Autodesk Assemble and 

Navisworks for BIM-based cost estimation. As seen in Figure 4, 24 software platforms 

were used by at least one professional in this study for BIM applications.  

 

Figure 4 Software Popularity (Lawrence, et al., 2014) 

Navisworks is a project review software. It can review models and data produced 

by multiple stakeholders in a single aggregate model (Figure 5). Navisworks can read 

over 60 native file formats, so it is popular for its interoperability. The native Navisworks 

file is up to 80 percent smaller than the source formats, this helps immensely with sharing 
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and collaboration. Because of these characteristics, its most popular use is in ñclash 

detectionò and not cost estimation (Dodds & Johnson, 2011). 

 

Figure 5 Navisworks QTO of Spread Footings, Highlighted Blue 

Navisworks is not popular for cost estimation. It is not BIM authoring software, 

meaning the object parameters in Navisworks are strictly produced by the native software 

and original author. The accuracy of extracted cost estimate parameters depends on the 

modeling standards dictated by the design team (Monteiro & Martins, 2013). Figure 5 

depicts the designer-authored length, width, and thickness parameters in the QTO. In 

order to produce a complete QTO, any gaps in the SOW must be manually taken off in a 

2D view. This process incorporates 2D QTO, similar to the traditional method.  

Assemble is the most used 3D BIM QTO software package (Olsen & Taylor, 

2017). It reads BIM model elements directly from the native Revit fil e (Figure 6). 

Interoperability is limited since it can only read from some Autodesk formats. However, 

the user interface is simple to use, and the platform is web-based, both characteristics 
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make it popular for QTO. It enables conditioning and querying BIM data to other 

estimating platforms by way of a CSV export (Autodesk, 2018). This platform is more 

limited by gaps in the SOW. There are no features allowing authoring of additional 

elements. So, it is typically not used at the bid-tendering phase of cost estimation. At this 

phase, the AACE cost estimate class is low, meaning that the acceptable cost 

contingencies are low. This means that a bid-tender cost estimate should more closely 

project the ACWP for the project.  

 

Figure 6 Assemble QTO of Masonry Walls, Highlighted Blue 

 The fact that Assemble is limited to reading from Revit increases its accuracy by 

rigid mapping in comparison to other BIM QTO platforms. Since Revit has a distinct data 

structure, the mapping between Revit and Assemble is fixed. Therefore, there are no data 

losses when information is transferred from Revit to Assemble. These two do not 

communicate using the IFC framework. They are both products administered by 

Autodesk that use proprietary data mapping.   
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2.4 Construction Contracts 

 This section reviews various popular contract delivery methods employed in 

construction to identify each delivery methodôs impact on model-based estimation. The 

type of construction contract dictates how and when BIM authoring is funded. From the 

cost estimating perspective, it is preferable for BIM funding to be provided early and by 

the client. This funding strategy is favored by collaborative contract delivery methods. 

2.4.1 Delivery Methods & Cost Estimation 

 In design-bid-build, the owner establishes a contract with the construction team. 

This contract obligates them to provide the finished product for their bid price. Cost 

estimators in this delivery method establish a bid for delivering the product per the plans 

and specifications provided by the owner (Fernández-Solís & Chugh, 2018). Meanwhile 

in design-build, the owner contracts with a single firm for design and construction 

services. The costs and scope of the design-build contract are determined by the team 

with a guaranteed max price (GMP). A GMP limits the financial risk of the owner but 

provides flexibility to the project delivery team. A fixed price bid would require 100% 

complete design documents, which are not available (Burnham & Nagata, 2016). 

 Bridging is a blend of the two previous approaches and involves two separate 

design entities. The first team is hired by the owner to produce bridging documents. The 

second design team is hired by the construction team in the same fashion as a design-

build contract. The owner can dictate quality or functionality through the bridging 

documents while the construction team can adapt those documents for constructability. 

Then they produce the final plans and model which they finally build. This blend offers 

the flexibility  of design-build while the product is defined by the owner (Fernández-Solís 
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& Chugh, 2018). In this method, the cost estimate is a blend of both parties too. The 

owner establishes a preliminary budget with the bridging documents, then estimators 

project the price to deliver the project their team designed (Burnham & Nagata, 2016).  

2.4.2 Warranted Model Accuracy 

 In design-bid-build, the plans and specifications constitute the entire scope of 

work. Models are provided ñfor information purposes onlyò as an omission from the 

model could be argued as a limitation to the SOW. Model-based cost estimation in 

design-bid-build would be completely driven by the construction team who would also 

have to produce the model from 2D drawings and compensate for that cost in the bid. 

This repetitive process still saved time in controlling cost during construction. So, model-

based estimation in design-bid-build is possible (Zhao & Wang, 2014), but the additional 

cost is a great loss if the bid is not won. 

 In design-build, no model is provided by the owner. The team dictates the design 

and BIM authoring requirements to stakeholders. One requirement is a BIM model level 

of detail that is enough to produce a cost estimate. The team is compensated to produce 

the design, so they can invest resources in model-based cost estimation and be 

compensated through design fees paid by the owner. The team produces and thus dictates 

the BIM modelôs warranted accuracy (AIA, 2007). 

 Bridging produces two separate document sets; the bridging documents and 

construction documents. This contract structure has the same warranted model accuracy 

as design-build. The construction team ultimately governs the level of detail and quality 

of construction documents and model. The owner can influence this method early by 
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producing a detailed bridging model. However, itôs ultimately the construction model that 

defines the scope of work (Fernández-Solís & Chugh, 2018). 

2.5 Complications in BIM  for Model-Based Cost Estimation 

 A BIM modelôs purpose is to represent design intent, which does not 

communicate cost by default. This section examines BIMôs limitations that negatively 

impact its potential to produce reliable cost estimates. The underlying theme is 

inconsistencies in information and software tools (Olsen & Taylor, 2017).  

2.5.1 Ontology of Model Elements 

 The general term ontology is a component in the study of philosophy. It examines 

the concept of what objects exist and their categorization. Its goal is ascertaining an 

objective reality. Ontology in BIM is the term used to describe the formal and explicit 

specification of model elements. It seeks to rigidly categorize BIM elements by their 

family, category, type, and ultimately cost. An ontology does not allow modifications of 

BIM element definitions by the design team. A successful ontology requires a singular 

library of model elements which is accessible to all who use the software (Sabol, 2008). 

An ontology also requires that modifications to a model element do not change its 

definition. Any stakeholder who has access to a model can produce a model element. 

Therefore, any stakeholder with model access can modify the parameters and the 

resulting meaning of a model element. This introduces uncertainty in the definitions of 

model elements. An ontology is meant to eliminate subjectivity in the process of 

estimating. Figure 7 depicts the underlying ontological framework for BIM-based cost 

estimation of tile flooring (Lee, Kim, & Uy, 2014). 
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Figure 7 Ontological Cost Estimation Framework (Lee, Kim, & Uy, 2014) 

 BIM cannot be compressed into an ontology (Chen, John, & Cox, 2018). Without 

an ontology, the model based estimating process must involve manual categorization of 

model elements. The model-based cost estimation process cannot be automated since the 

designers do not have the intent of communicating cost directly (Monteiro & Martins, 

2013). Under the current object-oriented domain, a second hierarchy must be produced 

exclusively for cost estimating. Since classes defined in different domains cannot share 

parameters, the cost estimate class must be produced by manual manipulation (Niknam & 

Karshenas, 2015). The manual process does not have to be tedious. Digital models 

contain tools for manipulating data with much greater ease than 2D paper drawings 

(Trimble Navigation Limited, 2014). 

A philosophy more appropriate for BIM is creating a flexible mapping between a 

designerôs model and cost estimation data. This flexible map method still involves an 

ontology, but it is developed on a project basis. Each project team involves different 

stakeholders, who ultimately communicate in varied fashions. The ontological definitions 

should be set at the project level (Franco, Mahdi, & Abaza, 2015). Figure 8 depicts an 
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ontological map produced for a spread footing. Figure 8 suggests there is a shared 

ontology between the construction team and designers. In this situation, the designers are 

producing BIM models with the intent of communicating cost. Since they do not have 

complete knowledge of how the contractor will complete the construction project, they 

cannot fully define the cost of construction. The designerôs main goal in BIM is to 

communicate the design intent of the construction project. The estimators can produce a 

flexible map in the absence of a shared ontology (Niknam & Karshenas, 2015).  

 The flexible map system does not eliminate input from estimators as true 

automation or ontology would. Instead, this tool gives estimators the efficiency to focus 

their efforts on tasks more complicated than the quantity takeoff and organization of cost 

estimate. Flexible mapping uses a data structure that points estimator input to existing 

objects in BIM. These pointers reuse the parameters of the BIM objects in the cost 

estimate (Lawrence, et al., 2014). 
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Figure 8 BIM Knowledge-Base Ontological Map (Niknam & Karshenas, 2015) 

 A flexible map affords estimators the framework to document subjectivity and 

standardize it rather than eliminating it in a rigid ontology. An estimator requires months 

of training on automated QTO software before it yields an improvement in efficiency. 

This growth in efficiency is marred by the estimatorôs distrust of automation (Sattineni & 

Bradford, 2011). Meanwhile, a flexible map is simply a tool to document the assumptions 

that veteran estimators already employ (Wu & Zhang, 2018). 
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2.5.2 Model Level of Development 

The model quality is the key indicator of the simulationôs performance. One 

aspect of model quality is the detail to which elements are represented; this is commonly 

referred to as Level of Development (LOD). AIA Document E203-2013 sets industry 

standards for LOD (Borrmann, Konig, Koch, & Beetz, 2018). A graphical representation 

of that standard LOD classification is presented in Figure 9. 

 

Figure 9 Model LOD (McPhee, 2013) 

LOD is currently proportional to the level of effort a designer spends in 

representing the work. So, to achieve a high level of detail, design teams must devote 

considerable modeling resources. This resource devotion is cost prohibitive to completing 

a model that closely represents all activities in a project. Therefore, BIM efforts typically 

focus on specific high-risk activities which achieve high reward for low modeling effort 

(Chen, et al., 2015). 
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2.5.3 Interoperability of Software and Data 

 Interoperability is the exchange data between applications to avoid data re-entry 

or recycling. Interoperable data remains usable when transferred between programs. 

Interoperability, strongly connected to an ontology, is analogous to the structure of the 

sentence, while ontology is the meaning of words in that sentence. Interoperability leads 

to increased collaboration amongst stakeholders who utilize various software platforms 

(Wu & Zhang, 2018).  

The BIM user must consider interoperability when selecting software applications 

(Azhar, 2011). Certain software combinations will require macros, programs, or other 

ñlinksò to semi-automatically transcribe data from one data structure to the other software 

which requires this intermediate manipulation is weakly interoperable (Wu & Zhang, 

2018). The additional resources spent to transcribe data reduces stakeholder buy-in to 

BIM-based project management (Ma, Xiong, Olawumi, Dong, & Chan, 2018). 

The ISO-registered industry foundation classes (IFC) were introduced to improve 

software interoperability. This data structure should produce a ñone-to-manyò 

information flow. The IFC allows parameters of a model element produced by one 

stakeholder to be re-interpreted for use by others. However, this re-interpretation still 

requires subjective human input. An IFC object representing a wall could be drawn using 

IfcWallStandardCase, IfcSlab, or Ifcbeam and visually present the same result. Thus, 

successful IFC interoperability is also driven by an ontology. Those who model walls 

must always use the correct IFC class to eliminate the need for re-interpretation. The IFC 

provides only a data structure and not standards on data within the structure (Wu & 

Zhang, 2018).  
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2.5.4 Data Recycling 

Data recycling is a trend in the construction industry. It is the process of each 

stakeholder taking information and transcribing it into their own language (Figure 10). 

The current practice of manually parsing and collating data in spreadsheets is an 

enormous overhead to the industry. Since multiple stakeholders interact in construction 

projects, data recycling is common (Fulford & Standing, 2013). 

 

Figure 10 BIM Based Site Information Management (Lee, Park, & Song, 2018) 

Data recycling is detrimental because it increases error and is an effort that by 

itself does not add value to a project (Fulford & Standing, 2013). Error is potentially 

introduced at each manual data transaction. In the above example, both the architect and 

engineer must manually transfer the current version file with the proper measurement 

scale. This process by itself does not add any value to the project. Value in construction is 

attained through activities that bring the project closer to completion (Chan, Scott, & 

Chan, 2004). 
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2.6 Costs External to the Model Elements 

BIM can represent a host of data spatially by linking that data to a 3D element 

within the BIM model. Geometric parameters are automatically generated and stored in 

BIM elements since they are required to define the 3D model. These parameters also 

partially define the quantities of work items in cost estimation. However, additional 

information is required to complete the cost estimate. This section examines cost 

estimating information that is not stored in BIM elements automatically that should be 

considered to produce a reliable model-based cost estimate. 

2.6.1 Means and Methods of Construction 

Construction means and methods are activities employed to complete the project 

and not an element of the finished product. Since they are not the design intent, they are 

not documented in construction drawings or a designerôs BIM model. However, both 

design and construction are acts of communication (Lobel, 2008). The GC completes 

plans a plan to build details then confirms them through submittals or requests for 

information (RFI). Thereby, model elements are not authored solely by the designer. The 

GC employs expert knowledge to determine means and methods (Lobel, 2008). 

Defining the means and methods of construction involve a cognitive process of 

understanding the projectôs design intent. Scaffolding is an example of this, it is produced 

from a cognitive understanding that workers must access the exterior of a multi-story 

building. BIM is employed to plan, design, and represent scaffolding. The BIM-based 

approach allows other stakeholders to view, understand, and add input to means and 

methods the construction team selects to build the product (Kim, Cho, & Kim, 2018). 
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This digital documentation allows graphical communication the construction teams 

cognitive understanding of the design intent.  

A designôs constructability is driven by the means used to communicate between 

design and construction. The construction team is responsible for translating this 

information into a series of logical procedures to produce the finished product. RFIôs and 

submittals are examples of communicating this cognitive process. BIM introduces a new 

platform to both produce and interprets RFIôs and submittals. RFIôs are a tool the GC 

uses when it cannot discern or produce the documented design intent (Lobel, 2008). 

Education overemphasizes the model authoring aspect of BIM. There is a poor 

conception that what can be modeled can be built. The construction teams that 

successfully adapt BIM for their projects should emphasize the people and process arms 

of over technology and information. Therefore, people who learn to translate a model to 

into a physical product, or produce means and methods of construction, are more likely to 

successfully employ BIM (Chen, John, & Cox, 2018). 

2.6.2 Multiple Quantities Driven by an Element 

A BIM element requires multiple work items to produce them physically. A wall 

assembly contains studs, insulation, and drywall. These items are physically separate but 

are lumped into a BIM model element.  As much as twenty-five percent of the total cost 

is a result of these inferred quantities. One method for addressing additional work items 

is applying a waste factor or contingency. At the conceptual estimate level, contingencies 

are high (AACE RP 17R-97, 2011). These high contingencies conceal the effect of 

missing information by appending a factor to the bill of quantities. These factors are 
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organic and not quantitative, they are produced by a subjective understanding of the 

modelôs accuracy  (Olsen & Taylor, 2017).  

A more accurate approach for capturing additional work items is driving a 

multitude from the same BIM element. In other cost estimating systems, this requires the 

quantity to be produced multiple times. Using the stud wall assembly example, a separate 

selection in the BIM model would be made to define studs, drywall, and insulation. This 

is the ñmany-to-manyò approach previously discussed (Wu & Zhang, 2018). To simplify 

this, standard assemblies are adopted. The new problem is standardization requires 

adherence to a rigid definition (Lee, Kim, & Uy, 2014). These standard cost estimating 

assemblies are difficult to use in custom situations. A more effective approach maps 

multiple estimate line items to a single BIM quantity (Figure 11). The difference is each 

component can be customized and the parameters driven by geometry in the BIM model. 

 

Figure 11 BIM -Based Cost-Estimation Employing Flexible Mapping (Lawrence, et al., 

2014) 


















































































































































































